Introduction
Chronic myeloid leukemia (CML) is a hematologic disorder associated with a mutual chromosomal translocation between chromosomes 9 and 22 resulting in the formation of the Philadelphia (Ph) chromosome. (1) The Ph chromosome is detected in 95% of CML patients and in 20% to 30% of adult patients with acute lymphoid leukemia (ALL). (2) This gene fusion codifies a chimeric protein, BCR-ABL, which is associated with uncontrolled tyrosine kinase ABL activity. (1) The estimated incidence of CML is one to two cases per 100,000 inhabitants, 80% of which are diagnosed in the chronic stage and 40% of which are asymptomatic. (3) Without treatment, CML usually progresses to the accelerated phase and blast crisis, the end stage of the disease that is associated with a few months of survival. (3) Before the development of drugs that selectively inhibit BCR-ABL kinase, such as imatinib mesylate, the therapeutic choices were hydroxyurea, interferon-alpha and cytarabine, in addition to bone marrow allografts. The International Randomized Study of Interferon versus STI-571 (IRIS) compared first line treatment with imatinib versus cytarabine and interferon-alpha. (4) A total of 1106 patients were randomized to receive imatinib (553 patients) or interferon-alpha (IFN-α) associated with low doses of cytarabine (553 patients). At 18 months of follow-up, the estimated rate of progression-free survival (PFS) for accelerated phase or blast crisis patients was 96.7% and 91.5%, respectively (p-value < 0.001). Since then, imatinib has been the first choice treatment for recently diagnosed CML.
During the eight-year follow-up of the IRIS study, 305 (55%) out of the 553 patients who received imatinib continued in the study. (5) Event-free survival at eight years was 81% and PFS for accelerated phase or blast crisis patients was 92%.
For the 45% of patients that left the study, the reasons for discontinuing treatment were related to toxicity and safety (6%), or unsatisfactory results (16%), stem cell transplantation (3%), death (3%) and related to other causes such as lack of consent renewal or withdrawal (17%). In this study, 31% of patients did not reach complete cytogenetic response (CCgR) during the first 12 months of treatment and 13% did not reach this response in five years. During the first three years, 3-7% of patients had treatment failure.
Imatinib-resistance mechanisms are of multi-factorial origin. The best known mechanism is BCR-ABL mutations preventing the effective binding of imatinib to tyrosine kinase. (6) Imatinib may be subject to absorption variations by the gastrointestinal tract as it is an orally administered drug. Imatinib is also subject to changes in the liver metabolism (individual variability of CYP3A4 concentrations) and binding to plasma proteins. Changes in the inflow and outflow of the drug in the cell, and senescence or repair mechanisms, enzymatic inactivation and apoptosis defects may also occur, in addition to development 
Phase I Study
In 2006, a phase I, dose-escalation study of dasatinib was conducted in 84 patients with CML (in any phase) and ALL (Ph-positive) who were intolerant or resistant to imatinib. (9) Patients were prescribed a total of from 15 mg to 240 mg dasatinib as one daily dose or split in two. The primary objective was to evaluate the tolerability and safety of dasatinib treatment. Responses were observed in all BCR-ABL genotypes, except in the presence of the T315I mutation, which resulted in resistance to imatinib and dasatinib. The highest toxicity observed was reversible myelosuppression; non-malignant pleural effusion was also observed but at a lower rate. (9) Phase II Studies
The Src/Abl Tyrosine kinase inhibition Activity: Research Trials (START) program included four prospective, multicenter, single arm studies (START-A, B, C and L) and one randomized study (START-R).
START-A evaluated CML patients in the accelerated phase who were resistant or intolerant to imatinib, (10) with 174 patients that received dasatinib 70 mg bid being evaluated. One 14-month follow-up study showed major hematological response (MHR) in 64% of patients (95% CI = 56.2% to 70.9%), including 45% of patients with reticulocyte hemoglobin content (RHC). Major cytogenetic response (MCgR) was observed in 39% of patients (95% CI = 31.2% to 46.2%) with 32% of patients reaching CCgR. PFS at 12 months was 66% and overall survival (OS) was 82%. (11) In the START-B and START-L studies, 74 patients in myeloid blast crisis (MBC) and 42 patients in lymphoid blast crisis (LBC) that were resistant or intolerant to imatinib were evaluated. Dasatinib was administered at 70 mg bid. MBC patients had 31% of radiographic contrast media (RCM) and 27% of renal cell carcinoma (RCC). For LBC patients the RCM rate was 50% and the RCC rate was 43%. Growth hormone receptor (GHR) and RHC rates for MBC patients were 53% and 26%, respectively, while for LBC, those rates were 36% and 26%, respectively. (12) START-C evaluated 387 CML patients in the chronic stage who were resistant (n = 127) or intolerant (n = 59) to imatinib. (13) Patients were given dasatinib at 70 mg bid. PFS at 15 months was 90% and OS was 96%. Complete hematological response (RHC) rates at 8 and 15.2 months were 90% and 91%, respectively. The MCgR rate at 8 and 15.2 months were 52% and 59%, respectively. The CCgR rates at 8 and 15.2 months were 39% and 49%, respectively. (13, 14) START-R was a phase II randomized study comparing dasatinib with high-doses of imatinib after failure of the latter at the usual dose. (15) Imatinib resistant CML patients in the chronic stage receiving daily doses of 400 mg or 600 mg were randomized to receive dasatinib (140 mg/day) or imatinib at a higher dose (800 mg). One hundred and fifty patients were enrolled in this study and randomized at a ratio of 2:1 (101 patients received dasatinib and 49 patients received imatinib). The primary endpoint analyzed was MCgR at 12 months and the secondary endpoints were MCgR and RHC rates at any time before crossover, MCgR and RHC duration and time to MCgR and RHC before crossover. Endpoints were also evaluated after crossover. Response rates are shown in Figure 1 . The mean time to treatment failure was higher for the group receiving dasatinib with a reduction of 84% in the relative risk being observed (RR = 0.16; 95% CI = 0.1 to 0.26; p-value < 0.001). PFS also favored dasatinib, showing an 86% reduction in the relative risk (RR = 0.14; 95% CI = 0.05 to 0.4; p-value < 0.001). (15) A 2-year follow-up study to this phase II study was published, showing that the dasatinib group kept the highest response rates (Figure 2 ) when compared to high doses of imatinib, in addition to the highest PFS (p-value = 0.0012). (16) An economic and effective evaluation of dasatinib in comparison with high-dose imatinib was performed. (17) Dasatinib has been associated to higher response rates, resulting in benefits regarding the number of years and quality of life. (17) Phase III Studies
The phase III randomized study CA180-034 compared four administration regimens of dasatinib: 50 mg (bid), 70 mg (bid), 100 mg (qd) or 140 mg (qd) in 670 chronic stage CML patients who were resistant or intolerant to imatinib. (18) This study evaluated whether the incidence of treatmentrelated adverse events could have been reduced without loss of efficacy by changing the dose regimens, that is, administering the drug qd instead of bid. After a six-month follow-up, the highest cytogenetic responses were reached in 59% of patients receiving 100 mg qd and in 55% of patients receiving 70 mg bid. The number of patients experiencing grade 3-4 thrombocytopenia was significantly lower in the group treated with 100 mg qd than in the group receiving 70 mg bid (22% vs. 37%; p-value = 0.004); similarly the number of patients who discontinued treatment because of toxicity reduced (4% vs. 11%). (18) Such changes significantly reduced the incidence of pleural effusion (16% vs. 7%; p-value = 0.024). The authors concluded that treatment with a single daily dose of 100 mg is the best risk/benefit profile with higher tolerance and effectiveness maintained. (18) A three-year follow-up study, so far only published as an abstract, showed that this risk/benefit profile was sustained and that this should be the standard starting dose in chronic stage CML patients. (19) The phase III randomized study, CA180-035, compared the single daily dose of 140 mg with the dose of 70 mg bid in accelerated phase CML patients who were resistant or intolerant to imatinib. (20) Out of 317 randomized patients, 158 received 140 mg qd and 159 patients received 70 mg bid. The major hematologic response rates (66% vs 68%) and MCgR (39% vs 43%) were similar. The estimated PFS at 24 months (51% vs. 55%) and the OS (63% vs. 72%) were not significantly different. Also, the group receiving 140 mg qd showed a lower incidence of pleural effusions than those receiving 140 mg bid (20% vs. 39%; p-value = 0.001). (20) 
Safety profile
Dasatinib is usually well tolerated but is associated to reversible and manageable adverse events. Such events commonly appear at the beginning of treatment and are predominantly mild to moderate, self-limiting or resolved with supportive care, temporary interruption or dose reduction. (10, 21) The management of these events is essential before continuing treatment and offering a greater chance of extended benefit.
There are no studies comparing different interventions or management practices for these adverse events in the literature. Thus, management suggestions are based on guidelines used in clinical trials and from the experience of institutions and investigators.
The classification of adverse events was based on the common terminology criteria for adverse events. (22) The most common adverse events observed during dasatinib treatment were cytopenias, fluid retention, pleural effusion, dyspnea, gastrointestinal disorders, skin rash, headache, and fatigue.
Serious adverse reactions (grades 3 and 4) were observed at the following frequencies: fluid retention (8%), pleural effusion (5%), diarrhea (3%), skin rash (1%), headache (1%), hemorrhage (6%), nausea (1%), and dyspnea (4%). (23) A significant number of patients required at least one dose interruption, dose reduction or both because of toxicity, but just a few patients had to discontinue treatment (6% of patients in the chronic stage, 5% in the accelerated phase and 11% in the blast phase). (24) The absence of intolerance at crossover between imatinib and dasatinib was of particular interest; there was no recurrence of adverse events associated to imatinib intolerance. (23, 25) Additionally, the dasatinib tolerability profile was comparable between imatinib-resistant andintolerant patients. (25) Table 1 shows the frequency of grade 3-4 toxicities observed in dasatinib studies.
Adverse event management
Cytopenias Cytopenias usually occur during the first two treatment months and are more common in advanced CML patients and Ph-positive ALL patients compared to chronic stage CML patients. (23) Advanced disease patients may have cytopenias related to the disease. (23) Patients should be monitored frequently at the beginning of treatment and a weekly 3-hydroxy-3-methylglutaryl (HMG) test is recommended during the first two months of treatment. Afterwards, monthly or as per clinical indication tests should be performed. (23) a) Anemia Grade 3/4 anemia (Hb < 80 g/L) was observed in 10% of Figure 2 -START-R -Response rates after 2 follow-up years CHR = complete hematological response; MCgR = major cytogenetic response; CCgR = complete cytogenetic response; MMR = major molecular response chronic stage CML patients treated with dasatinib at 100 mg qd; the highest incidence occurred at 70 mg bid (17% to 21%). (14) Grade 3/4 anemia was more frequent in the advanced stage CML, and occurred in up to 50-69% of patients. (12) Supportive treatment (packed red blood cell transfusion) or withdrawal of treatment until Hb levels are ≥ 80 g/L is recommended for grade 3/4 anemia. After recurrent episodes, dose reduction or discontinuation should be considered. Recent guidelines do not recommend the use of erythropoietin or darbepoietin in patients with myeloid hematologic neoplasms. (26) Dasatinib -clinical trials and management of adverse events in imatinib resistant/intolerant chronic myeloid leukemia b) Neutropenia and febrile neutropenia Despite of the high frequency of neutropenia, only 5% of patients treated with dasatinib experienced febrile neutropenia. (2) The use of granulocyte colony stimulating factors may help in neutropenia management. (26, 27) Table 2 shows neutropenia management in chronic and advanced stages of CML, while Table 3 shows the treatment for dasatinib-related febrile neutropenia. (2, 28) c) Thrombocytopenia Platelet transfusion is recommended usually when levels are lower than 10 to 20 x 10 9 /L. Preliminary data suggest that oprevelkin (interleukin 11) may help in the management of thrombocytopenia. (27) Table 4 shows management of dasatinib-related thrombocytopenia. (2, 28) Flowcharts 1 and 2 ( Figures 3 and 4) . (2, 28) Pleural effusion and other events related to fluid retention The onset of pleural effusion depends on the dose and number of daily dosages of dasatinib. (2) In the dose optimization study, CA180-034, dose adjustment from 70 mg (bid) to 100 mg (qd) significantly reduced the incidence of pleural effusion from 16% to 7% (p-value = 0.024). (18) Risk factors for developing pleural effusion and Figure 3 -Dasatinib dose adjustment -neutropenia, febrile neutropenia and thrombocytopenia (G3/4) in the treatment of CML (chronic phase) (2, 28) fluid retention must be considered to identify the most susceptible patients, namely: advanced age, advanced disease stage, heart disease, hypertension, hypercholesterolemia, autoimmune disease and history of skin rash during treatment with imatinib or dasatinib. (29, 30) Cytologic testing of pleural effusion shows exsudate present in 78% of cases, with a predominance of lymphocytes (90%) and absence of neoplastic cells. (30) The mechanism explaining the appearance of pleural effusion is still not clear and may be multi-factorial. (21) Patients must be counseled to recognize the symptoms, such as dry cough, shallow breathing and shortness of breath early. The degree of dyspnea is correlated with the extent of pleural effusion. (21) The diagnosis must be confirmed by an imaging scan (chest X-ray).
The severity of pleural effusion must be determined and the treatment must be interrupted until the event grade is ≤ 1. (21) After improvement, treatment should be resumed at a lower dose: in chronic stage, 80 mg qd and in accelerated and blast stages, 80 to 100 mg qd. If an improvement is not noticed within seven days, supportive treatment with diuretics and steroids (e.g., prednisone 20 mg/day for 3 days) must be initiated. (21, 26) Table 5 shows the management of dasatinibrelated pleural effusion.
Peripheral edema was reported in 10 to 22% of patients and was usually grade 1 and 2. (2) Other events such as pericardial effusion, pulmonary edema, pulmonary hypertension, ascites and anasarca were not frequent (≤ 3% in all grades and ≤ 1% grades 3 and 4). (2) Some studies have shown that 29% of patients with pleural effusion also experienced pericardial effusion. (21) The management of fluid retention is similar to that of pleural effusion, including temporary interruption of treatment, dose reduction and administration of diuretics. (2) Bleeding Epistaxis occurred in 11% of patients, while fatal bleeding of the central nervous system occurred in patients in blast crisis when they had grade 4 thrombocytopenia. (24) Patients in advanced stage may have thrombocytopenia and Dasatinib -clinical trials and management of adverse events in imatinib resistant/intolerant chronic myeloid leukemia other cytopenias related to the disease but not to the treatment. (23) Heart changes Prolongation of the QT interval is a rare, although serious, adverse event that needs to be monitored by routine electrocardiograms. (23) The overall incidence of congestive heart failure or cardiac dysfunction related to dasatinib is 2%. (2) No sudden deaths were observed with dasatinib. (2) All patients must be evaluated for the risk of prolongation of the QT interval, including the existence of hypokalemia, hypomagnesemia and prolonged QT syndrome and the prescription of concomitant drugs that may aggravate the condition, such as amiodarone, methadone, erythromycin, haloperidol, etc. (23) Before starting dasatinib treatment, hypokalemia and hypomagnesemia must be corrected. (2) In the event of cardiotoxicity, medication must be withdrawn until the event is resolved. To resume the drug, the dose must be reduced by two levels, or treatment must be interrupted. (2) Gastrointestinal disorders In the studies conducted, 31% of patients experienced diarrhea, 22% had nausea and 13% had vomiting, usually of mild to moderate severity. (2) The treatment of such events with antidiarrheal and antiemetic medications is recommended. In the event of grade 3/4 symptoms, consider interrupting treatment or reducing the dose if the condition does not improve with supportive treatment.
(2) Table 6 shows management of dasatinib-related gastrointestinal events.
Skin rash
This event was seen in 22% of treated patients, but only 1% was grade 3/4. (2) Dasatinib-related skin rash is resolved with drug interruption and, differently from allergic rash, may not recur with the resumption of the drug, mainly if the dose is reduced. (2) Mild events may be treated with topical corticosteroids or antihistaminic drugs. In most severe cases, drug interruption and rapid courses of systemic corticosteroids are recommended; wait for resolution before resuming treatment at a lower dose. (2) Laboratory changes Grade 3/4 chemical changes require drug interruption with resumption of treatment at a lower dose when grade ≤ 1 is reached. (2) Grade 3 and 4 hypophosphatemia was seen in 10% of CML patients in chronic stage and 12-20% of advanced CML patients or Ph + ALL patients; a good response was attained with oral supplementation. (2) The incidence of grade 3 and 4 hypocalcemia was 2% in chronic stage CML patients and 7-11% in advanced CML or Ph + ALL patients; this was successfully managed with oral calcium supplementation. (2) Changes in transaminases and bilirubin were rare (1% to 7%). (2) Other adverse events Other adverse events may be observed, such as headache in 24% of cases and fatigue in 21%. (2) Headache is usually manageable with common analgesics and rarely requires treatment adjustments. (2) Fever occurred in 39% of patients. (24) Dose adjustment, treatment withdraw and discontinuation
In chronic stage CML patients, a daily single dose of dasatinib 100 mg has been associated with lower need to decrease dose (33% vs. 57%), treatment withdrawal (58% vs. 71%) and treatment discontinuation (22% vs. 32%) compared to a 70 mg dose bid. (2) 
Conclusion
The introduction of tyrosine kinase inhibitors resulted in a significant change in the treatment of CML because of their superiority when compared to other therapies. The constant increase of effective therapeutic choices represents a need of adequate monitoring to choose the best secondline treatment and the introduction of such therapy at the most appropriate moment.
There is enough evidence in the literature showing the efficacy of dasatinib in the treatment of patients with CML or Ph + ALL who are resistant or intolerant to imatinib. Dasatinib tolerability is satisfactory and most adverse events that occurred with dasatinib were mild to moderate and reversible and manageable by supportive care or dose adjustments and administration.
Rates of treatment discontinuation due to toxicity are low, and there is no evidence of cross intolerance with imatinib. Therefore, dasatinib is an effective and well tolerated therapeutic choice as a second-line treatment for CML.
